We have studied the possibility of using Geiger mode multi-pixel photodiodes to read out long scintillator bars with a single wavelength-shifting fiber embedded along the bar. This detector configuration can be used in large volume detectors in future long baseline neutrino oscillation experiments. Prototype bars of 0.7 cm thickness and different widths have been produced and tested using two types of multi-pixel photodiodes: MRS APD (CPTA, Moscow) and MPPC (Hamamatsu).
I. INTRODUCTION
Scintillator bars with wavelength-shifting (WLS) fibers and opto-electronic readout are considered an established technology for massive neutrino tracking calorimeters in longbaseline neutrino oscillation experiments. The MINOS experiment [1] employs extruded bars of 1 × 4.1 × 800 cm 3 size with 9 m long WLS fibers. The SciBar detector [2] in the K2K experiment was built with the same technology as MINOS but using shorter bars of 1.3 × 2.5 × 300 cm 3 size and 3.6 m long WLS fibers of 1.5 mm diameter. A fine-grained detector in the Minerνa experiment [3] is made of triangular-shaped 3.5 m long strips and WLS fibers of 1.2 mm diameter. All of these detectors use multi-anode PMTs for optical readout.
The neutrino far detector of the "off-axis superbeam" experiment Noνa [4] will be composed of liquid scintillator encased in 15.5 m long rigid PVC extrusion cells. The scintillator cell is readout by a 30 m long U-shaped WLS fiber of 0.7 mm diameter into avalanche photodiodes (APDs), similar to the APDs developed for the CMS detector. These devices have higher quantum efficiency than photomultipliers, but low gain and high intrinsic noise.
A magnetized iron and scintillator sampling calorimeter with a fiducial mass of about 100 kt and a cross sectional area of ∼ 14 × 14 m 2 with a 1 T dipole field is considered as a baseline option for a future Neutrino Factory detector. An alternative option is a magnetized, totally active highly segmented scintillator detector of about the same cross sectional area [5] .
Both detectors will consist of a large number of readout channels that require the usage of very compact, insensitive to magnetic field photosensors with a high efficiency to the green light emitted from WLS fibers. Multi-pixel Geiger mode avalanche photodiodes are considered as a possible optical readout in these detectors. Detailed information about such devices and their basic principle of operation can be found in ref. [6] . The first application of such photosensors in a large experiment has been done in the near neutrino detector [7] of the long baseline experiment T2K [8] where approximately 56000 Multipixel Photon Counters (MPPCs) [9] are used.
The real challenge lies in the required fine granularity and size of the detectors in these new experiments. Each individual element should provide the ability to detect minimum ionizing particles with high efficiency in such a large detector system. In this paper, results of measurements using scintillator detectors read out with long WLS fibers and Geiger mode 2 multi-pixel avalanche photodiodes are presented.
II. PHOTOSENSOR SPECTRAL SENSITIVITY
Good spectral matching of the light signal and a photosensor quantum efficiency is one of the most important factors needed to obtain a high light yield in scintillator detectors.
We measured the spectral transmittance of Y11 Kuraray WLS fibers as well as the spectral sensitivities of two types of multi-pixel Geiger photodiodes: Hamamatsu MPPC [9] and MRS APD [10] .
A A spectrophotometer calibrated with a PIN-diode was used to measure the photon detection efficiency (PDE) of both MRS APD and MPPC [11] . The PDE spectra were measured at ∆V =1.2 V for the MPPC and ∆V =2 V for the MRS APD. The spectrophotometer light intensity was reduced until the maximum photosensor current was only ∼30% greater than the dark current of a photodiode to avoid nonlinearity effects caused by the limited number of pixels. Comparing the measured current with the calibrated PIN-diode photocurrent we obtain the relative spectral sensitivity. Then the spectral response was normalized using the reference PDE points obtained with LED's at 410 and 515 nm. Average number of photons in LED pulses was measured using a calibrated PMT XP2020. The spectral sensitivity could then be expressed in absolute values without the crosstalk, afterpulse and dark rate fiber. However, the maximum sensitivity of the MRS APDs is shifted to the red wavelengths around 650 nm while the MPPC sensitivity peaks in the blue region around 450 nm.
The different spectral sensitivities of the MRS APD and MPPC within the visible light range can be explained by their different semiconductor layer structures. The MRS APD uses a n + -p-p + structure while the simplified scheme from the Hamamatsu MPPC catalogue shows the p + -p − -n ++ structure which is usually associated with a peak spectral sensitivity for blue photons.
III. LONG FIBER STUDY
A. Y11 fiber transmittance
The transmittance of 1 mm diameter multi-clad Kuraray WLS Y11(200) S-type fibers [12] was measured for wavelengths of 340-800 nm using clear fibers of 1 mm diameter as a reference. The fiber ends were glued in ferrules and polished. Monochromatic light at a selected wavelength was injected into the test fiber through one end. The intensity of the transmitted light was then measured by a calibrated photodiode attached to the opposite end.
The transmittances of Y11 fibers normalized to the transmittance of a 10 cm reference clear fiber are shown in Fig. 3 . Better transmittance of 1 m long Y11 fibers than that of the clear fiber of the same length could be explained by some defects or impurities in the tested clear fibers. Fig. 4 shows the transmittance of long Y11 fibers relative to a 1 m long Y11 fiber in the 500-800 nm range. A 15 m long WLS fiber absorbs essentially all the light with wavelengths below 500 nm. For longer wavelengths, the transmittance increases to a maximum level of about 10% at 550 nm. Since the Y11 emission spectrum has wavelengths of 500-550 nm with a low intensity tail extended to over 600 nm (see Fig. 2 ), one can expect that attenuation of the Y11 signal will be about 95% after the light travels a distance of 15 m.
The dependence of the attenuation length of the Y11 fiber on the wavelength was obtained from the transmittance measurements using a single exponential fit function. Fig. 5 shows the Y11 attenuation length for wavelengths larger than 500 nm. For shorter wavelengths, the light signal was too small in 10 m and 15 m long fibers to obtain reliable values. 
B. Y11 fiber attenuation
To study the attenuation of the re-emitted light in a 16 m long Y11 fiber, we carried out measurements of the light yield from cosmic ray muons using a small plastic counter. The fiber was embedded with optical grease into a groove machined on the scintillator surface and both ends of the fiber were readout by multi-pixel photodiodes. Photodiode signals To measure the velocity of re-emitted light propagation in a Y11 fiber, a start signal was generated by a scintillator counter from a cosmic ray trigger setup. Another small scintillator tile excited the fiber, and an MRS APD at one fiber end produced the stop signal. The discriminator threshold was set to be fired by 1 photoelectron (p.e.) pulses. The resolution of the LeCroy TDC 2228A was calibrated to be 50±0.25 ps/ch. The time difference between the trigger signal and the signal from the MRS APD is shown in Fig. 7 . The velocity of the re-emitted light propagation in the Y11 fiber is found to be 16.00±0.08 cm/ns. 
V. CONCLUSION
Scintillator bar readout using a long WLS fiber and multi-pixel photodiodes was studied for a possible usage in large size neutrino detectors. The relative light transmittance for the fiber was measured and compared to the spectral sensitivity of the multi-pixel photodiodes.
An attenuation length of 4.2 m at ∼520 nm enables us to obtain a good signal at a distance of 8 m from an ionization point.
Extruded scintillator bars were read out using a 16 m long Y11 fiber and multi-pixel photodiodes (MRS APDs and MPPCs). The minimum light yield from both fiber ends was measured to be ∼10 p.e./MIP for the 4 cm wide bar and increased to 15 p.e./MIP for the 1 cm wide bar of the same thickness of 0.7 cm.
The tests have demonstrated that reading out both ends of 16 m long scintillator bars with a single Y11 WLS fiber and multi-pixel photodiodes can provide a high detection efficiency for minimum ionizing particles.
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